Introduction
============

Cardiac output measurement may be a useful tool in the care of patients in a critical condition. In this regard cardiac output measurement is often applied during and after cardiac surgery. Most frequently used is cardiac output measurement by Swan--Ganz catheter method.[@b1-mder-2-027],[@b2-mder-2-027] This technique is obviously not applicable in patients with univentricular circulation, in which the pulmonary circulation is not directly or exclusively supported by output from a subpulmonary ventricle, especially after a Fontan-type operation.[@b3-mder-2-027],[@b4-mder-2-027] Extravascular Doppler (EVD) or epi-aortic measurement of cardiac output in the pediatric age group was clinically introduced in 1999,[@b5-mder-2-027],[@b6-mder-2-027] but has not met a widespread use, because of the intrinsic invasiveness of the method. In addition, all patients were described to have a biventricular connection.[@b6-mder-2-027]

Because quite often in the initial postoperative condition after a Fontan-type operation for a univentricular circulation, volume suppletion and vasoactive treatment are needed, there is a need for availability of cardiac output information.[@b3-mder-2-027] In this regard we applied combined epi-aortic cardiac output measurement with Fick measurements as the gold standard in patients with a univentricular circulation after a Fontan-type operation.[@b1-mder-2-027],[@b2-mder-2-027],[@b7-mder-2-027]

Materials and methods
=====================

Patients
--------

In eight patients operated to construct a total cavo-pulmonary connection for a univentricular cardiac anomaly (1 female, 7 males, mean age 2 years 7 months, range 6 months to 4 years 2 months), materials and equipment for epi-aortic cardiac output measurement were available and three intra-operative sequential measurements with a five minute interval were done and compared to Fick calculations of the cardiac output. The parents of the patients were informed and consented to the operative treatment including the cardiac output measurements.

Because for the epi-aortic catheter technique, the measurement of the aortic luminal diameter is an essential part of the method, the epi-aortic Doppler measurement of the aortic diameter was compared to the diameter as derived from cardiac catheterization as well.

Epi-aortic cardiac output measurement
-------------------------------------

For epi-aortic or extravascular measurements of cardiac output and aortic diameter, EVD probes (Applied Biometrics, Burnsville, MN, USA) connected to the Abcom 2000 cardiac output computer (Applied Biometrics) were used as described previously.[@b6-mder-2-027] According to the information of the manufacturer, this Doppler method should be limited to vessels up to 20 millimeter in diameter, because of limitations of the ultrasound technology of the device. The device was intraoperatively placed onto the aorta after termination of cardiopulmonary bypass. Care was taken to position the probe centrally on the ascending aorta. The catheter was put through a drain hole, so that no additional exit wound had to be made. After completion of surgery, just before leaving the operating room (after up to 1.5 hours) the ingenious technique of removal was also applied as described.[@b6-mder-2-027] No complications were registered in relation to the epi-aortic cardiac output measurement.

Fick method
-----------

In order to calculate the cardiac output, a Siemens 900C ventilator (Siemens, Solna, Sweden) was connected to an MBM-100 Deltatrec metabolic computer (Datex-Ohmeda, Helsinki, Finland) in a closed system, with the use of cuffed endo-tracheal tubes. Intake of O~2~ (VO~2~ in l.min^−1^) was set on the ventilator. The arterial and mixed venous partial pressure and saturation of O~2~ (PaO~2~ and PvO~2~ in mmol.l^−1^, SaO~2~ and SvO~2~ in %) as well as the hemoglobin content (Hb in mmol.l^−1^) were done as routine laboratory measurements. When necessary their units were adjusted to fit into the Fick formula.

None of the patients showed signs of residual intracardiac or pulmonary shunts after surgery. All of them had arterial and transcutaneous oxygen saturations of 100% at the time of the Fick measurements.

Statistical methods
-------------------

Variables are reported as mean with range. Regression analysis was done for both the cardiac output data as well as for the diameter measurements. A p-value of smaller than 0.05 was regarded as significant. A Bland--Altman plot for the two methods of cardiac output measurement was constructed.[@b8-mder-2-027]

Results
=======

Epi-aortic measurement of the aortic diameter resulted in mean diameter of 18 mm (range 14 to 25). Angiographic measurement showed a mean diameter of the 17 mm (range 10 to 24). One patient after a Damus--Kaye--Stansel[@b9-mder-2-027] reconstruction of the arterial outlet of the univentricular heart had a diameter by epi-aortic measurement of 25 mm and by angiography of 24 mm. The correlation coefficient for the two methods was calculated as 0.88 (p \< 0.05) with a systematically larger result for the Abcom 2000 diameters ([Figure 1](#f1-mder-2-027){ref-type="fig"}).

The Abcom 2000 measurements resulted in a mean cardiac output of 2.8 l.min^−1^ (range 1.2 to 6.3). A slight increase was found in the three clusters of measurement, 2.7 (range 1.2 to 5.5), 2.8 (range 1.3 to 6.3), 2.9 (1.3 to 6.3) l.min^−1^. The Fick calculations resulted in a mean cardiac output of 1.8 l.min^−1^ (range 0.8 to 5.0), a slight increase was found in the three clusters of measurement as well, 1.4 (0.8 to 2.2), 1.9 (0.8 to 5.0), 2.0 (0.8 to 4.2) l.min^−1^. The correlation coefficient between the Abcom 2000 results and the Fick data could be calculated as 0.11 (p \< 0.05) ([Figure 2](#f2-mder-2-027){ref-type="fig"}).

Leaving out the one patient with an aortic diameter of 25 mm by angiography and 24 mm by epi-aortic measurement of the aorta as advised in the information from the manufacturer, the correlation coefficient improved to 0.55 (p \< 0.05) ([Figure 3](#f3-mder-2-027){ref-type="fig"}). These findings were supported by Bland--Altman plotting ([Figure 4](#f4-mder-2-027){ref-type="fig"}).

Discussion
==========

After Fontan-type operations, cardiac output measurements by Swan--Ganz methodology are not possible. In this setting even the gold standard of the Fick method should regarded critically, because even in the absence of a residual intracardiac shunt, there may be a considerable collateral aortopulmonary circulation. In this setting the method of extravascular or epi-aortic Doppler measurement was applied after Fontan surgery.

Although the number of observations were restricted to eight patients, due to limited availability of the device, epi-aortic Doppler measurement of cardiac output could be applied in aortas up to 20 millimeter in diameter. A reasonable correlation with Fick calculations was found. The method is intrinsically invasive, nevertheless application and removal of the device were easy and no complications related to the system were observed. An important restriction is the often present abnormal anatomy, either congenitally or after surgery.
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